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SOME  RESULTS  OF  THE  IHVESTIGATIOM  OF  HHD  GENERATORS  WITH 
NOH-EQUILIBRIUH  CONDUCTIVITY 

V.  S.  Golubev,  V.  A.  Gurashvili 

Institute  of  Atonic  Energy  Im.  I.  V..  Kurchatov,  Moscow,  USSR 

/ • 

We  surveyed  the  results  of  the  Investigations  of'MKD 
generators  with  non-equilibrium  conductivity,  and  also  of  the 
physical  properties  of  non-equilibrium  plasma  typical  for  such 
generators.  The  obtained  results  make  it  possible  to  conduct 
reliable  valuable  calculations  of  the  MHD  generators.  V/e  noticed 
questions  which  require  further  investigations. 

The  purpose  of  the  cycle  of  investigations  described  belov/ 
included  the  experimental  realization  of  an  MHD  generator  with 
non-gquillbrlum  conductivity  v;lth  a noticeable  output  of  flow 
enthalpy  in  the  form  of  electrical  energy  on  the  outer  load.  To 
achieve  this  goal  it  was  necessary  to  investigate  in  detail  the 
physical  phenomena  in  the  plasma  of  such  an  MHD  generator  and 
the  factors  which  limit  the  effectiveness  of  the  energy  conversion, 
namely : 

- the  properties  of  the  non-equilibrium  plasma  in  an  electric 
field , 

- t:ie  effect  of  the  transverse  magnetic  field  on  the  stability 
and  effective  electrical  conductivity  of  the  plasma, 

- the  interaction  of  the  gas  flow  with  non-equilibrium  plasma. 
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- the  change  in  the  hydrodynamic  and  thermodynamic  parameters 
of  the  flow  in  the  MHD  channel  during  strong  interaction. 

We  will  point  out  a number  of  physical  problems  of  the  MHD 
generator  with  non-equilibrium  plasma,  which  existed  before  the 
extensive  investigations  of  this  question  [!]• 

1.  The  value  of  the  factor  of  non-elastic  losses  of  electron 
energy  ^ was  unknown. 

2.  The  region  of  applicability  of  the  Saha  equation  to 
determine  the  electron  concentration  n^  required  theoretical  and 
experimental  .substantiation. 

3.  Solutions  were  required  to  the  questions  of  the  effective 
values  of  conductivity  of  inhomogeneous  plasma  in  the  trsnsverse 
magnetic  field  and  the  Hall  parameter,  and  also  questions  of  the 
realized  values  of  the  load  coefficient. 

ij.  There  were  a number  of  questions  on  the  behavior  of  the 
non-equilibrium  plasma  in  the  gas  flow  in  the  presence  of  a 
magnetic  field;  these  are,  in  particular,  phenomena  at  the  input 
to  the  MHD  channel  and  the  hydrodynsunics  of  flow  stagnation. 

5.  Until  now  the  basic  question  has  been  the  maximum  per- 
centage of  enthalpy  which  can  be  drawn  from  the  flow  on  the  outer 
load. 

The  physical  investigations,  which  should  have  given  the 
answer  to  the  questions  enumerated  above  and  led  to  the  creation 
of  an  efficient  MHD  generator,  were  expanded  at  the  beginning  of 
the  sixties  simultaneously  in  many  laboratories  throughout  the 
world.  The  sequence  of  studying  the  posed  questions  was  similar 
to  their  natural  logical  order: 

1.  The  properties  of  lcv/-temperature  non-equilibrium  plasma 
in  an  electrical  discharge  v/lthout  a magnetic  field:  the  balance 

of  energy  of  he  electron  and  the  other  components  of  the  plasma, 
the  conditions  of  ionization  equilibrium,  the  current  contraction 
of  the  plasma,  etc. 
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2.  The  non*'equllibrlum  lo  . ’-temperature  plasma  in  intersecting 
electric  and  magnetic  fields,  the  Instability  of  such  a plasma 
(ionization,  acoustical,  and  others),  the  effective  conductivity 
and  Hail  parameter,  the  boundary  effect  on  the  instability  of  the 
plasma  and  the  geometry  of  the  current  course.  . 

3.  The  non-equl librium  plasma  in  a gas  flow:  the  ionisation 

front  and  the  ionization  wave,  the  stability  of  the  plasma  on  the 
front  and  the  problem  of  the  keep-alive  electrode,  the  hydrodynamics 
of  the  Inhomogeneous  plasma  in  the  flow  in  the  presence  of  a magnetic 
field. 

а.  The  realization  of  a self-sustaining  electrical  discharge 
due  to  the  movement  of  the  gas  acz^ss  the  magnetic  field. 

5.  The  realization  of  energy  output  on  the  outer  load  of  the 
MUD  generator  with  a non-equilibrium  plasma. 

б.  Realization  of  an  liHD  generator  with  effective  conversion 
of  the  thermal  energy  of  the  flow  into  electrical  energy. 

In  the  future  we  will  adhere  to  this  sequence  in  the  account 
of  the  development  of  the  Investigations. 


Properties  of  the  Non-eguil Ibrium  Plasma  of  a Gas  Discharge. 


We  Investigated  the  plasma  without  a magnetic  field  under 
conditions  corresponding  to  the  parameters  of  the  plasma  of  the 
MHD  generators: 

concentration  of  neutral  particles 
conce.ntration  of  cesium  atoms 
concentration  of  electrons 
gas  temperature 
electron'  temperature 
current  density 
electric  field  strength 


n •vio^®-10^^cra“3 
n -viO^^-lO^^cra"^ 

n -v1o13.io15,„-3 

e 

T 'ul000-2000°K 
a 

T^'v2Q00-5000°K 
J-v-l-lO  A/cm 
E'\«l-10  V/cm 


Theoretical  and  experimental  works  [1-3],  devoted  to  these 
investigations,  lead  to  the  following  conclusions: 
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- In  the  case  of  a piasna  of  alkaline  metals  there  Is  lonlsa- 
txon  equillbrluia  (i.e.,  tne  Saha  formula  was  applicable)  in  the 
electron  £a3-exclted  atom  ensemble.  If  the  value  %>n;^p'^-10^^-10^'* 

— ihe  basic  losses  in  emission  con*espond  to  the.  resonance 
tj^^sitions.  The  loss  percentage  in  the  resonance  emission 
compared  with  the  elastic  losses  is  not  great  if  n >10'^^cm”^. 
na>10  cm  while  the  minimum  dimensions  of  the  plasma  L'vl  r~  • 

l.e.,^xi. 

On  the  basis  of  these  conclusions  it  is  possible  to  calculate 
all  the  parameters  of  the  thermally  non—eQuiliorium  plasma  with  a 
mag.netlc  field,  using  the  equations  of  the  balance  of  the  electron 
energy,  the  gas  energy  and  the  Saha  equation. 

ihe  Effect  of  a Transverse  .•lagnetlc  ?’leld  on  the  Properties  of  a 
Mon-equilibrium  Plasma  with  a Current . ^ ' 

The  newest  and  most  significant  results  for  plasma  physios 
were  obtained  during  the  Investigation  of  the  behavior  of  a 
non-equilibrium  plas.ma  with  a current  in  a magnetic  field.  The 
basic  results  of  these  i;tvestigatlo.’‘.s  lead  to  the  accepta.noe  of 
the  fact  that  under  conditions  of  an  IWD  generator  with  a ron- 
equlllbrlum  plasma,  the  conductivity  has  an  lonizing-turbulent 
nature. 

1 • Abnormal  resistance  and  the  Hall  parameter  of  an 
inhomogeneous  plasma.  It  was  theoretically -shown  in  [^4-7]  that 
in  the  presence  of  Inhomogenelties  of  conductivity (^,  and  relative 
a-mplltude  A*  it  is  possible  to  write  the  following 

expression  for  effective  conductivities  and  the  Hall  parameter 

where  hCos^tl*  m =1-  orie-ai;:iensljDna I inho.morieneitles  in  the 
form  of  flat  layers,  parallel  to  the  lines  of  force  of  the 

44 


niagnctic  field,  and  whose  normal  la  inclined  at  angle  0 to  the 
average  current , 

f»l,  a»l/2  - two-dimensional  iniioaogeneities  with  isotropic  and 
Isometric  distribution  of  the  "ups”  and  "downs"  of  the  conductiv- 
ity, I7t  s 2/3  ” three-dimensional  isotropic  Inhomo- 

geneities. 

The  Icnowledge  of  the  value  A(8)  is  possible  only  with  the  dis- 
covery of  the  physical  nature  of  the  plasma  inhomcgeneities . As 
the  nonlinear  analysis  of  ionisation  instability  and  the  numerous 
experimental  works  show,  when  8>1  universal  relationships  occilr: 

^aqiip  ^ const, j (2) 

The  results  of  various  works  [8-9]  when ^ (7, / as  well  as 
when  Tvto  ^ / confirm  (2-3);  this  is  reflected  in  Fig.  1.  These 
rslatinnshlps  are  also  valid  for  practically  visually  homogeneous 
plasma  (A«.u.l),  which  is  probably  conitected  with  the  presence  of 
small-scale  inhomogeneities  which  require  special  experiments  with 
a high  three-dimensional  solution  on  very  small  scales  (LklO"^  cm) 
to  obseiTVt  them.  As  for  relationships  (1)  they  have  not  as  yet 
received  convincing  quantitative  confirmation  in  the  experiments. 

2.  Ionization  Instability  and  Ionization  Turbulence.  Since 
this  excellent  survey  [11]  is  devoted  to  this  fundamental  phenomenon 
which  is  first  pointed  out  in  [10],  we  will  not  go  into  detail 
about  this  problem  but  will  only  point  out  the  new  interesting 
experimental  data. 

It  is  well  known  that  even  during  complete  ionization  of 

the  additive,  when  the  ionization  instability  actually  does  not 

develop,  the  value  of  the  effective  Hall  parameter  0 remains 

3(>0 

small.  Special  measurements  [12]  of  the  value  8^**,  in  olasma 
with  comolete  additive  ionization  within  a wide  range 
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Increases  with 


showed  (Pig,  2)  that  e_. . 
a decrease  In  n^.  This  fact  makes  it  possible  to  assume  that  the 
"saturation"  of  83,^1^  ^*^3  possibly  caused  by  some  microturbuJ  ence 
of  a kinetic  jsature,  damped  by  collisions  of  ions  with  neutrals 
when  the  mean  free  path  becomes  less  -^^an  the  Debye  radius  Cl.e., 
with  small  n ). 


3.  Acnustlcal  Instability.  The  physical  reason  for  this 
Instability  includes  the  build-up  of  sonic  vibrations  by  fluc- 
uatloris  of  the  ponderomotive  force  pB-  CI3]..  The  effect  of 
Joule  heat  release  on  this  process  was  studied  In  [l4].  The 
experimental  observation  of  the  acoustical  waves  In  the  form  of 
layers  perpendicular  to  the  average  current  and  moving  at  a rate 
on  the  order  of  sound  (''<2 *10^  cm/s)  was  reflected  In  [15].  The 
Interesting  experimental  results  with  respect  to  the  build-up 
of  sonic  vibrations  by  the  fluctuations  of  Joule  heat  release 
were  given  In  [16],  where.  In  the  discharge  of  coaxial  geometry, 
we  succeeded  In  finding  the  threshold  of  sonic  vibrations  with 
respect  to  6 and 
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*The  Interaction  of  a Non^-egulllbrlum  Plasma  with  a Gas  Flow 


The  phenomena  which  occur  ai  the  Input  to  the  MHD  channel 
are  of  interest  from  the  point  of  view  of  the  problem  of  the 
keep-alive  electrode.  Basically,  these  phenomena  are  connected 
with  the  Input  relaxation  of  non-equl librium  conductivity, 
converted  under  certain  conditions  to  the  Ionization  wave.  An 
evaluation  of  the  length  of  the  Input  relaxation  can  be  made  from 
the  equation  of  electron  energy  balance  at  the  input  to  the  MHD 
• channel.  Thus,  for  example,  for  the  case  of  turbulent  conductivity 


CM 


6 


[ImiiilMii'"' — 


I 


where  _i  concentration  of  electrons  at  the  input* 

I - Ionisation  potential. 

Under  real  conditions  LiSm“^  3*?'ICi  CU  . Since  the  length  of  the 
input  relaxation  depends,  on  many  factors  {.poor  emission  of  elec- 
trodes, scale  of  experiments,  etc.),  the  keep-alive  electrode 
set-up  is  expedient  even  in  the  case  of  weak  "detachment" 

[17].  The  phenomenon  of  the  ionisation  wave  was  studied 
theoretically  [18]  for  the  case  of  the  transfer  of  energy  by 
electron  thermal  conductivity.  The  speed  of  the  ionization  wave 
front  in  this  case  is  given  by  the  expression: 


(5) 


where  - mass  of  the  neutral. 

Cl 


The  absolute  values  V<p , 

measured  i.n  the  experiments  [19]  without  a gas  flow  wt  re 
2 

^<5*10  -5*10"  cm/s . The  experiments  with  a gas  flow  [20]  gave  the 

i|  l! 

values  l/p  ''*10  -5*10  ■ cm/s,  which  can  be  explained  only  by  the 
gas  dynamic  turbulent  transfer  of  electron  energy.  The  corre- 
sponding mechanism  of  rate  transfer  of  the  ionization  wave  [21] 
is  given  by  the  expression: 


(6) 


where  D„  - coefficient  of  turbulent  diffusion,  for  real  conditions 
D^''-10  _ cm^/s. 


frequency  of  the  electron  collisions, 

- mass  of  the  electron, 
e 


if 

Lue  1/9  . 


Expression  (6)  gives  the  correct  order  of  the  value  t/p  . Thanks 
mainly  to  the  hydrodynamic  turbulence  of  the  flow  the  work  of  the 
keep-alive  electrode  is  facilitated. 
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The  Realization  of  the  MHD  Generator  with  rion-equilibrlum 
Conductivity 

It  is  possible  to  point  out  the  basic  ooerations  with  respect 
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to  the  realization  of  the  MHD  generator.  Work  [22],  in  experiments 
• with  disk  channels,  used  a keep-alive  electrode,  having  created  a 
plasma  screen  at  the  Input  to  the  channel  (Fig.  3)»  which 
continuously  passed  into  the  plasma  of  the  generi'tor.  It  was  also 
shown  [20]  that  the  discharge  in  the  channel  exists  because  of  the 
force  , and  not  because  of  the  scattered  electrons,  as  a 

result  of  which  the  plasma  ring  created  by  the  keep-alive  electrode 
existed  in  the  channel  significantly  longer  -than  the  operation 
time  of  the  keep-alive  electrode. 

On  the  sane  set-up  as  was  used  in  [20],  we  carried  out 
experiments  with  a linear  channel  [23].  in  which  the  specific- 

•V 

electric  capacity  celeased  in  the  outer  load  reached  '\<100  W/cm  . 

it  is  necessary  to  note  the  operations  carried  out  in  the 
shock  tubes  [2^,  25]  with  disk  arid  linear  channels,  in  which  the 
effectiveness  cf  the  energy  conversion  reached  'vlO?. 

A large  cycle  of  investigations  was  also  satisfied  in  [17]. 


In  th."*  exterimontG  1;'.  [IC 


was  completed,  in  which  the  supersonic  flow  of  an  argon-cesium 
plasma  was  effectively  stagnated.  The  experiments  were  conducted 
on  a sectioned  Faraday  MHD  generator  (Pig.  with  a shock  tube 
(Pig.  5)  as  a source  of  the  plasma.  The  MHD  channel  with  Mach 
2.5  did  not  have  a keep-alive  electrode;  therefore,  the  experiments 
were  conducted  with  stagnation  temperature  T*5000-9000“K.  The 
stagnation  pressure  reached  20  atm  (abs.),  the  magnetic  field  to 
^ T,  the  concentration  of  cesium  in  the  MHD  channel  to  10^^  era  ^ . 

In  these  experiments  significant  conversion  factors  were  attained, 
when  T-7500°K  - 20S,  and  when  T»9000°K  - 30)i.  During  the  experi- 
ments we  measured  all  the  determinant  parameters  of  the  plasma 


and  the  MHD  generator.  Including  the  distribution  of  the  Mach  num- 
ber along  the  channel  under  load  conditions.  Having  confirmed  the 
basic  representations  on  the  nature  of  the  conductivity  ("turbu- 
lent" law  s'- A*'  ) , the  presence  of  the  developed  ionization 
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instability  (Fig.  6)  etc.,  these  Investigations  detected  two 
experimental  facts,  whose  explanation  requires  additional  in- 
vestigations. 

First  of  all,  there  are  abnormally  large  values  of  the 
factor  of  non-elastic  losses  of  electron  energy  which  reached 
•V50  in  the  experiments.  A similar  effect  was  observed  in  [27].  A 
possible  explanation  of  the  abnormally  large  value  of  is  • 

the  presence  of  a hypothetical  micro turbulent  plasma. 

If  ions  participate  in  this  microturbulence,  they  quickly 
return  the  neutral  gas  to  the  energy  of  its  own  vibrational 
movement,  derived  from  the  energy. of  the  current  electrical  field 
in  the  process  of  maintaining  microturbulence.  This  leads  to  an 
increase  in  the  apparent  factor  of  non-elastic  losses  of  electron 
energy  and  their  collisions  with  gas. 

Consideration  is  given  to  the  lack  of  a flow  •’stall”  with  a 
significant  output  of  energy  (20-303)  in  the  outer  load  under 
conditions  of  a relatively  weak  (70S)  increase  in  the  cross 
section  of  the  channel.  The  experimental  determination  of  the 
Mach  number  showed  that  the  flow  remains  essentially  supersonic, 
l.e.,  the  gas  must  be  slightly  heated  or  even  cooled,  in  spite  of 
the  significant  volumetric  heat  releases.  A possible  explanation 
for  this  paradox  is  the  generation  of  strong  acoustical  vibrations 
with  the  input  of  the  supersonic  flow  into  the  channel,  where  the 
flow  passes  to  the  three  dimensional-inhomogeneous  zone  of  the 
stagnation  forces  J *B  and  J„*B.  It  is  possible  to  show  that  for 

y * 

waves  running  from  the  cathode  wall  to  the  anode  wall,  the 
mechanism  of  amplification  - force,  i.e.,  because  of  the  fluc- 
tuations of  the  ponderoraotlve  force  ]xR,  while  for  waves  running 
along  the  channel,  the  mechanism  of  amplification  - heat,  l.e., 
because  of  the  fluctuations  of  heat  release  J /<J.  For  the  time 
of  the  passage  of  the  gas  through  the  channel,  the  amplitude  of 
the  acoustical  waves  in  the  direction  across  the  flow  of  the 
channel  from  the  evaluations  can  slightly  increase,  at  the  same 
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time  as  the  amplitude  of  the  waves  along  the  channel  can  appear 
significant  CAP/P^|).  If  we  assume  that  the  significant  part  of 
the  Joule  heat  capacity  is  spent  on  the  build-up  of  sonic  vibra- 
tions and  is  not  transmitted  to  the  heating  of  the  gas.  then  the 
experimental  distrlbuti:  n of  the  Mach  number  along  the  channel 
can  be  explained. 

CONCLUSIONS 


Thus, 'as  a result,  investigations  lasting  more  thaui  ten 
years  on  plaisma  physilcs  and  the  magnetic  hydrodynamics  of  riHD 
generators  with  non-equilibrium  conductivity  can  confirm  that 
presently : 

- Calculations  of  the  properties  of  a non-equilibrium  plasma 
in  ein  electric  field  are  reliable. 

- Briefly,  the  basic  physical  processes  in  a non-equlllbrlum 
plasma  with  a magnetic  field  and  an  effective  conductivity  nature 
are  clear;  a description  is  given  of  the  work  of  the  keep-alive 
electrode  and  the  various  physical  mechanisms  affecting  the 
processes  which  occur  at  the  input  to  the  channel. 

Nevertheless  there  are  still  a number  of  basic  questions  which 
require  further  Investigations. 

- the  physical  mechanism  of  the  "saturation”  of  the  Hall 
parameter  in  a macroscopic  homogeneous  plasma, 

- the  reason  for  the  abnormally  large  factor  of  non-elastic 
losses  of  electron  energy , 

- the  properties  of  the  developed  acoustical  instability  and 
the  conditions  for  its  appearance  in  an  MHD  generator  with  strong 
stagnation. 

The  entire  investigation  makes  it  possible,  nevertheless,  to 
conduct  reliable  evaluations  of  the  MHD  generators  with  non- 
equilibrium  conductivity,  if  the  interest  in  these  programs  is 
maintained . 
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